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RESEARCH ARTICLE
IMMUNOLOGY

Differential Redox Regulation of ORAI Ion
Channels: A Mechanism to Tune Cellular
Calcium Signaling
Ivan Bogeski,1* Carsten Kummerow,1† Dalia Al-Ansary,1† Eva C. Schwarz,1 Richard Koehler,1
Daisuke Kozai,2 Nobuaki Takahashi,2 Christine Peinelt,1 Desiree Griesemer,1‡
Monika Bozem,1 Yasuo Mori,2 Markus Hoth,1 Barbara A. Niemeyer1*
(Published 30 March 2010; Volume 3 Issue 115 ra24)

INTRODUCTION

Intracellular Ca2+ is a second messenger involved in the regulation of a
diverse range of functions (1). One of the major Ca2+ entry pathways into
nonexcitable cells, such as lymphocytes and epithelial cells, is through
ubiquitously expressed Ca2+ release–activated Ca2+ (CRAC) channels
that are localized in the plasma membrane. Ca2+ influx through CRAC
channels is activated when inositol 1,4,5-trisphosphate (IP3) triggers Ca2+
release from intracellular stores in the lumen of the endoplasmic reticulum (ER) (2–4).The concomitant decrease in ER luminal Ca2+ triggers
accumulation of the ER Ca2+ sensor protein stromal interaction molecule
(STIM1) into puncta close to the plasma membrane (5, 6). These clustered STIM1 proteins directly activate Ca2+ influx through CRAC channels, which are encoded by the Orai gene family (7–11). ORAI proteins
contain four transmembrane domains with both N- and C-terminal intracellular domains (12, 13) that contain putative N-terminal calmodulinbinding domains and C-terminal coiled-coil motifs. Orai family members
are highly homologous, and Orai1 and 3 are widely expressed at the
messenger RNA (mRNA) level, with Orai2 showing a somewhat more
restricted expression pattern (14, 15). ORAI1 proteins contain the longest
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intracellular N termini with two proline-rich regions and one arginine-rich
region and a glycosylation site in the extracellular loop between transmembrane regions 3 and 4 (15). Neither ORAI2 nor ORAI3 contain extracellular glycosylation motifs, although ORAI3 displays the longest
second extracellular loop (16). In T cells and many other cell types, CRAC
channels are mainly formed by ORAI1 (7), although heteromeric channels
can assemble with ORAI2 or ORAI3 (15, 17, 18).
Reactive oxygen species (ROS) are important mediators of many
physiological and pathophysiological processes (19, 20). They are generated in both the intracellular and the extracellular space by redox-active
proteins such as members of the mitochondrial electron transfer chain
and NADPH oxidase (nicotinamide adenine dinucleotide phosphate(NADPH) oxidase) (19, 21, 22). Antioxidants clear ROS and preserve
the physiological redox state of cells (19, 23). Of the more than 20 types
of ROS, superoxide radicals (O2•−) and hydrogen peroxide (H2O2) appear
to be the most biologically relevant (19). H2O2 is relatively stable and can
diffuse across the cell membrane. It primarily acts by oxidizing cysteine
residues in target proteins (19). Physiological H2O2 concentrations are difficult to determine and can vary from the nanomolar to the low micromolar range (24–27). The existence of so-called ROS microdomains may
even yield a higher local H2O2 concentration (28, 29).
Immune cells are exposed to highly oxidizing environments during inflammation (19, 30). Besides having microbicidal effects during the oxidative
burst of phagocytes, H2O2 can also act as an intracellular second messenger
regulating various signaling pathways (19, 20, 30) and may be involved in
lymphocyte activation (30). It has also recently been proposed to act as a
chemotactic and paracrine signal for leukocyte migration in zebrafish (26).
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Reactive oxygen species (ROS) are involved in many physiological and pathophysiological cellular processes. We used lymphocytes, which are exposed to highly oxidizing environments during inflammation,
to study the influence of ROS on cellular function. Calcium ion (Ca2+) influx through Ca2+ release–activated
Ca2+ (CRAC) channels composed of proteins of the ORAI family is essential for the activation, proliferation, and differentiation of T lymphocytes, but whether and how ROS affect ORAI channel function have
been unclear. Here, we combined Ca2+ imaging, patch-clamp recordings and measurements of cell proliferation and cytokine secretion to determine the effects of hydrogen peroxide (H2O2) on ORAI channel
activity and human T helper lymphocyte (TH cell) function. ORAI1, but not ORAI3, channels were inhibited
by oxidation by H2O2. The differential redox sensitivity of ORAI1 and ORAI3 channels depended mainly
on an extracellularly located reactive cysteine, which is absent in ORAI3. TH cells became progressively
less redox-sensitive after differentiation into effector cells, a shift that would allow them to proliferate,
differentiate, and secrete cytokines in oxidizing environments. The decreased redox sensitivity of effector
TH cells correlated with increased expression of Orai3 and increased abundance of several cytosolic antioxidants. Knockdown of ORAI3 with small-interfering RNA rendered effector TH cells more redox-sensitive.
The differential expression of Orai isoforms between naïve and effector TH cells may tune cellular responses under oxidative stress.
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However, it is not clear whether ROS affect the cellular Ca2+ signaling
pathways important for lymphocyte function, in particular, if and how
CRAC channels are modulated by oxidation.
RESULTS

ORAI1 channels are inhibited by H2O2

A cysteine residue in ORAI1 is involved in redox sensing
Free thiol groups of cysteine residues are the major targets of oxidation in
proteins. Therefore, we compared the number and location of cysteine

Fig. 1. ORAI1 but not ORAI3
channels are inhibited by
H2O2. (A) [Ca2+]i in HEKS1O1
cells before and after addition of Tg and without H2O2
(black trace, n = 81) or with
prior addition of different concentrations of H2O2; green,
10 mM (n = 94); blue, 100 mM
(n = 71); red, 1 mM H2O2,
(n = 61). (B) Tg-induced
D[Ca2+]i between 1200 and
2000 s after treatment with
1 mM H2O2 (red and pink,
n = 244) or without H2O2
(black and gray, n = 244) in
HEKS1O1 (ORAI1) and
HEKS1 cells. (C) Plot of
D[Ca2+]i against [H2O2] in
HEKS1O1 cells. (D) CDs without and with 100 mM or 1 mM
H2O2 in HEKS1O1 cells. (E)
Average CD in the absence
(black) or with 1 mM H2O2
(red). (F) Plot of CD against
[H2O2] in HEKS1O1 cells.
(G) [Ca2+]i in HEKS1O3 cells
untreated (black, n = 53) or
treated with 1 mM H2O2 (red,
n = 54). (H) D[Ca2+ ] i between 1200 and 2000 s after treatment with 1 mM H2O2 (red) or without H2O2 (black) in HEKS1O3 cells. (I) CD of HEKS1O3 cells plotted versus
time; black (untreated), red (1 mM H2O2). (J) Average CD with (red) or without H2O2 (black). ***P < 0.001 (unpaired Student’s t test). Error bars
indicate means ± SEM.
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To test whether ORAI1 channels are molecular targets of oxidation, we
analyzed the effect of ROS (H2O2) on intracellular Ca2+ concentrations
([Ca2+]i) and current densities (CDs) of transiently expressed ORAI1
channels in human embryonic kidney (HEK) 293 cells with stable expression of STIM1 (31), referred to as HEKS1O1 cells. As expected, depletion of internal ER Ca2+ stores by thapsigargin (Tg), an inhibitor of the
sarco-endoplasmic reticulum Ca2+ adenosine triphosphatase (SERCA),
induced a large sustained increase of [Ca2+]i in HEKS1O1 cells, which
was about five times larger than that in HEK293 cells expressing STIM1
alone (HEKS1) (black trace in Fig. 1, A and B). Previous addition of
H2O2 led to an initial increase in [Ca2+]i at higher concentrations (see below) and to a subsequent inhibition of the Tg-induced increase in [Ca2+]i
with a median inhibitory concentration (IC50) of 40 µM (Fig. 1, A to C).
To test the effect of H2O2 on ORAI1 channels more directly and to exclude effects of H2O2 on the membrane potential or Ca2+ export, we performed patch-clamp analyses of HEKS1O1 cells and triggered ORAI1
currents by depletion of ER Ca2+ store with IP3. This induced inward
currents with an average CD of −33 ± 6 pA/pF (Fig. 1, D and E) com-

pared to −0.5 ± 0.1 pA/pF for HEKS1 cells at −80 mV after 5 min.
Preincubation with 1 mM H2O2 for 10 to 20 min reduced the ORAI1
current size to −6.8 ± 1.9 pA/pF (Fig. 1, D and E). When tested against
a range of different H2O2 concentrations, CDs decreased with an IC50 of
34 µM (Fig. 1F). Increasing H2O2 concentrations also caused a slowing
of current activation (Fig. 1D). Addition of H2O2 after Tg in HEKS1O1
cells, Jurkat T cells, and human effector TH cells neither decreased [Ca2+]i
(fig. S1, A to C) nor blocked ICRAC (fig. S1, D to F). This suggests that
oxidation may prevent activation of ORAI channels. To test whether oxidation prevents activation of ORAI channels directly or affects proteins
involved in activation that would also activate homologous channels, we
investigated the effects of H2O2 on ORAI2 and ORAI3 expressed in
HEKS1 cells. HEKS1O2 cells showed similar Ca2+ signals and inhibition
by H2O2 (fig. S2, A and B). HEKS1O3 cells showed a smaller increase in
[Ca2+]i upon Tg stimulation compared to HEKS1O1, which was not decreased even by 1 mM H2O2 (Fig. 1, G and H). Average CDs of ORAI3
were also smaller when compared to those of ORAI1 but still ~10 times
larger than in HEKS1 cells (−4.9 ± 0.4, −33 ± 6, and −0.5 ± 0.1 pA/pF,
respectively; P < 0.001). ORAI3 currents, however, were not blocked after preincubation with 1 mM H2O2 (Fig. 1, I and J), suggesting that the
inhibitory effect of H2O2 is specific for ORAI1 channels.
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residues within the ORAI1 and ORAI3 proteins. ORAI1 contains three
cysteines at amino acid positions 126, 143, and 195 (Fig. 2A). ORAI3
also contains cysteine residues at the first two homologous positions, but
lacks the homolog of Cys195. ORA13 also contains two additional closely
spaced cysteines within the extracellular loop between transmembrane regions S3 and S4 (Fig. 2D) that are likely to form a disulfide bond. To
detect reactive cysteines in ORAI1 and ORAI3, we incubated permeabilized HEK cells transfected with the relevant green fluorescent protein
(GFP)–tagged ORAI protein with DTNB-2Biotin (DTNB-2Bio), which
reacts with free thiol groups and can be purified by avidin-based affinity
purification. Free thiol groups that can be blocked by pretreatment with
H2O2 were detected in ORAI1, whereas no overt retention was detected
for ORAI3 (Fig. 2J). Although ORAI3 protein input is lower, this finding
suggests that Cys195 may be a possible redox sensor of ORAI1 (Fig. 2J).
Mutation of Cys195 to serine (C195S; see Fig. 2A) significantly reduced
the block of Tg-induced increase in [Ca2+]i by 1 mM H2O2 relative to that
of wild-type ORAI1 (Fig. 2, B and K). Consistently, the H2O2-induced
current inhibition was significantly smaller for C195S than for the wild

type (Fig. 2, C and L). Although some current inhibition remained,
Cys195 appears to be a major reactive cysteine conferring oxidationinduced reduction of channel activity. To further test the significance of
Cys195, we created a potential gain-of-function mutation in Orai3 by
exchanging the homolog of Cys 195, namely, Gly170, with cysteine
(G170C; Fig. 2D and fig. S2C). As seen from both Ca2+ imaging data
(Fig. 2, E and K) and patch-clamp analyses (Fig. 2, F and L), introducing
the G170C mutation bestowed redox sensitivity on ORAI3, suggesting
that Cys195 is an important redox sensor in ORAI1. Because some current
inhibition remained in the ORAI1 C195S mutant, we also mutated the
remaining two cysteine residues of ORAI1 (Fig. 2G). The ORAI1 triple
mutant (TM, C195S-C143S-C126S) had reduced Ca2+ signals relative to
those of the wild type, which were not inhibited by H2O2 (Fig. 2, H and
K). The triple mutant currents were slightly reduced relative to those of the
wild type (−20 ± 3.9 pA/pF, P = 0.08) but again showed a complete loss of
redox sensitivity (Fig. 2, I and L). In parallel to the electrophysiological
analyses of the mutants, we also investigated their reactive cysteine content
by incorporation of DTNB-2Bio. ORAI1C195S incorporated less DTNB-
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Fig. 2. Identification of Cys195
as the major redox sensor of
ORAI1. (A) Schematic topology of ORAI1, cysteine (red),
and cysteine-to-serine mutation (blue). (B) [Ca2+]i in HEKS1
cells expressing ORAI1C195S
mutant (black and red) or
ORAI1 wild type (WT; gray
and pink) channels, without
H2O2 [black (n = 45) and
gray] or with 1 mM H2O2 [red
(n = 58) and pink]. (C) CD of
HEKS1O1C195S plotted versus time; the color code corresponds to that in (B). (D to
F) Same as in (A) to (C) for
ORAI3G170C mutant (n =
48 for black and 53 for red);
gray and pink are from ORAI3
WT. (G to I) Same as in (A) to
(C) for ORAI1TM mutant (n =
31 for black and 54 for red).
(J) Immunoblot probed with
an antibody against GFP of
avidin-bound fractions (top
panel) and total cell lysates
(bottom panel) from HEK cells
transfected with EGFP-ORAI1,
EGFP-ORAI1C195S, EGFPORAI1TM, or EGFP-ORAI3
and incubated with DTNB2Bio. (K) Averaged D[Ca2+]i
in HEKS1 cells transfected
with ORAI1C195S, ORAI1WT
(pink, 1 mM), ORAI1TM, and
ORAI3G170C, untreated
(black) or treated (red, 1 mM)
with H2O2. (L) Averaged CD of ORAI1C195S, ORAI1WT (pink, 1 mM), ORAI1TM, and ORAI3G170C, untreated (black) or treated (red, 1 mM) with H2O2.
*P < 0.05, **P < 0.01, ***P < 0.001, unpaired Student’s t test.
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2Bio than ORAI1 wild type, whereas no incorporation was detected in the
triple mutant of ORAI1 or ORAI3 (Fig. 2J). That the triple cysteine
ORAI1 mutant still formed functional channels unaffected by high concentrations of H2O2 argues against a major role for cysteines in subunit
assembly and against redox regulation of components involved in ORAI1
activation (i.e., STIM1) as the cause for reduced currents. None of the
mutants showed a gross alteration of the current-voltage relationship, indicating no major alteration of the selectivity filter (fig. S2, D and G).

Redox regulation of Ca2+ homeostasis in human
T helper cells depends on their differentiation status

trations and obtained IC50 values of 7 µM for naïve TH cells versus
51 µM for effector TH cells (Fig. 3D). To investigate the differential
H2O2 effect independently of changes in membrane potential, we performed voltage-clamp experiments. Recordings of ICRAC in naïve TH
cells revealed extremely small currents barely distinguishable from leak
currents. We therefore used Jurkat T cells, in which Ca2+ imaging responses toward H2O2 are similar to naïve TH cells (fig. S3H). ICRAC
was inhibited by 87% in the presence of 500 µM H2O2 (Fig. 3, E and
F). ICRAC of effector TH cells, however, showed a reduced sensitivity
toward H2O2 with only ~40% inhibition (Fig. 3F). Thus, CRAC channels in TH effector cells are less susceptible toward H2O2 than those in
naïve TH cells.
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Upon migration to sites of inflammation, effector T helper (TH) cells
need to function with an optimal and appropriate response despite highly
oxidizing environments. To investigate the physiological importance of Viability and interleukin-2 (IL-2) secretion are regulated
redox regulation of ORAI channels, we investigated the effects of H2O2 by ROS in a TH cell differentiation–dependent manner
on [Ca2+]i both in naïve CD4+ TH cells that have never been exposed Changes in intracellular Ca2+ signaling regulate activation, differentiation,
to antigen and in differentiated effector human CD4+ TH cells. To induce and proliferation of T cells. Thus, we investigated the effects of H2O2
effector status, naïve TH cells isolated from human blood were stimulated on naïve and effector TH cell viability and cytokine production. H2O2
with beads coated with antibodies against CD3 and CD28 (32). Similar to (100 µM) was added to the medium of TH cells at different time points
the HEKS1O1 cells, TH cells responded to an acute application of H2O2 after contact with beads coated with antibodies against CD3 and CD28
with an increase in [Ca2+]i in a concentration-dependent manner (fig. S3, triggered induction of effector status, and viability was measured 24
A and B). Naïve TH cells responded with an apparent median effective hours later (see Materials and Methods for details). Although 100 µM
concentration (EC50) of ~130 µM and were more sensitive than effector H2O2 completely eliminated naïve TH cells (Fig. 4A), effector TH cells
TH cells that responded with an apparent EC50 of ~740 µM (fig. S3C). became progressively less sensitive with increasing time of differentiation
This initial Ca2+ increase was not due to CRAC channel activation be- before addition of H2O2 (Fig. 4B). When viability was measured against
cause it was not inhibited by 100 mM of the CRAC channel inhibitor, a range of H2O2 concentrations, naïve TH cells had an IC50 value signif2-aminoethoxydiphenyl borate (2-APB) (fig. S3D). The rate of the initial icantly lower than that of effector TH cells, ~40 and ~200 µM H2O2, reCa2+ increase was inhibited by flufenamic acid (FFA), which interferes spectively (Fig. 4, C and D). A low concentration of H2O2 (1 µM) slightly
with nonselective cation channels (fig. S3D) (33). Patch-clamp analyses increased the viability of effector TH cells (Fig. 4D; P = 0.054). Furtherof Jurkat T cells revealed an H2O2 (1 mM)-induced activation of a non- more, we measured the amount of interleukin-2 (IL-2) secreted into the
selective, outwardly rectifying conductance, which was blocked by FFA external medium by TH cells treated with 100 mM H2O2 24 hours before
(fig. S3, E to G). These findings are in
agreement with reports that transient receptor potential cation channel subfamily
M (TRPM) channels are expressed in human T cells (34, 35) and are activated by
H2O2 (36, 37). In summary, the H2O2induced Ca2+ influx is not mediated by
CRAC channels but by nonselective cation channels.
The H2O2 sensitivity of ORAI1 channels predicts that store-operated Ca2+
signals in TH cells should be inhibited
by H2O2. We tested this prediction and
found that the Tg-induced increase in
[Ca2+]i in naïve and effector TH cells is
dose-dependently inhibited by preincubation with H2O2. To analyze this effect
independently of the initial [Ca2+]i rise
induced by H2O2 (fig. S3), we compared
the Tg-induced increase in [Ca2+]i in
Fig. 3. Naïve and effector TH cells show differential redox sensitivities. (A and C) [Ca2+]i and D[Ca2+]i in
“iso-cells,” that is, in cells with compara2+
naïve TH iso-cells and (B and C) in effector TH iso-cells. Cells defined as iso-cells were selected for
ble [Ca ]i (30 to 80 nM) in the presence
resting [Ca2+]i between 30 and 80 nM. Green, 10 mM H2O2, n = 114 for naïve and 189 for effector;
of 10 µM H2O2 before addition of Tg.
black, no H2O2, n = 442 for naïve and 154 for effector. (D) Dependence of D[Ca2+]i on [H2O2] for
Following Tg activation, a significant re2+
the Tg-triggered effect in naïve (gray) and effector TH cells (black). The red circle denotes an increased
duction in [Ca ]i was observed in naïve
D[Ca2+]i of effector TH cells with 1 mM H2O2 compared to control. (E) ICRAC current-voltage relationships
TH cells, whereas effector TH cells were
from Jurkat T cells. Black trace, untreated; red trace, 500 mM H2O2. (F) Quantification of average ICRAC
much less sensitive (Fig. 3, A and C). We
CDs in Jurkat T cells and effector TH cells. Black, untreated; red, 500 mM H2O2. Numbers within the
then analyzed D[Ca2+]i in the absence
bars indicate the number of cells. *P < 0.05, ***P < 0.001, unpaired Student’s t test.
and presence of different H2O2 concen-
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or in control cells. Naïve TH cells secreted negligible levels of IL-2 (Table
1). In contrast, effector TH cells secreted measurable amounts of IL-2,
which were reduced by pretreatment with 100 mM H2O2. This inhibition
progressively decreases with differentiation (Table 1).

Differential Orai3 expression modulates redox sensitivity
Given the differential redox regulation of ORAI1 and ORAI3, we tested
if the reduced redox sensitivity of effector TH cells could be explained by
a relative up-regulation of Orai3 expression. We performed quantitative
reverse transcription polymerase chain reaction (qRT-PCR) from naïve

DISCUSSION

Our data indicate that oxidation inhibits ORAI1 but not ORAI3 channel
activity. This differential sensitivity can be largely explained by the presence of the extracellular cysteine Cys195 in ORAI1, which is absent in
ORAI3. Although Cys195 is positioned close to the membrane, our data
argue that it is reactive and amenable to oxidation. Mutation of Cys195 to

Table 1. Concentration of secreted IL-2 (ng/ml). Supernatants of naive and effector TH cells were collected and IL-2 concentrations were
determined with an IL-2–specific ELISA. Values are means ± SEM of three (effector) or four donors (naïve). The P values were calculated
with paired two-sided Student’s t test. N.S., not significant.

Naïve TH cells
0 mM H2O2
100 mM H2O2
% Inhibition by 100 mM H2O2
P value

0.011 ± 0.006
0.004 ± 0.0005
N.S.

Effector TH cells
24 hours

48 hours

72 hours

6.09 ± 1.2
1.33 ± 0.7
78
0.013

11.8 ± 0.9
6.88 ± 2.2
42
0.059

13.5 ± 1.8
10.83 ± 1.9
20
0.45
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Fig. 4. H2O2 differentially affects the viability of TH cells. (A) Viability of
naïve TH cells without (black) and with (red) 100 mM H2O2 measured in
relative fluorescence units (RFU). (B) Viability of effector TH cells at different time points of differentiation without (black) and with (red) 100 mM
H2O2. (C) H2O2 dose dependence of naïve TH cell viability. (D) H2O2
dose dependence of effector TH cells treated with H2O2 72 hours after
bead stimulation. The red circle denotes an increased viability of effector
TH cells with 1 mM H2O2 compared to control. Viability was determined
24 hours after the addition of H2O2. *P < 0.05, ***P < 0.001, unpaired
Student’s t test.

and effector TH cells and found that Orai3 showed higher mRNA expression in effector than in naïve TH cells, whereas expression of Orai1 was
not significantly changed (Fig. 5A). The relative ratio of Orai1/Orai3 expression was thus significantly decreased after 3 days of differentiation
(Fig. 5B). We then transfected HEKS1 cells with an Orai1/Orai3 ratio
of 5:1 to mimic the appearance of low amounts of Orai3 in native systems
and measured the percentage of current inhibition by H2O2. Coexpression
of Orai3 significantly reduced current inhibition, indicating that changing
the Orai1/Orai3 mRNA ratio can alter H2O2 sensitivity (Fig. 5C). These
data suggest that the presence of ORAI3 subunits either by themselves or
in a heteromeric complex with ORAI1 alters H2O2 sensitivity.
If up-regulation of Orai3 causes effector TH cells to become less sensitive toward extracellular ROS, down-regulation of Orai3 expression
should render them more sensitive. To test this hypothesis, we transfected
TH cells 24 hours after bead stimulation either with a pool of two siRNAs
against Orai3 (O3 siRNA) or with a control siRNA (CTRL siRNA).
Orai3 mRNA levels were down-regulated by O3 siRNA, whereas Orai1
mRNA levels were unaffected, as analyzed by qRT-PCR (Fig. 5D). The
relative ratio of Orai1/Orai3 expression was significantly increased in the
O3 siRNA–treated cells when compared to the CTRL siRNA–treated
cells (Fig. 5E). We confirmed the down-regulation of the ORAI3 protein
with O3 siRNA by analyzing protein levels of overexpressed ORAI3-GFP
in HEKS1 cells (fig. S4). We next measured the sensitivity of Tg-induced
Ca2+ increase toward 100 µM H2O2. Compared to effector cells treated
with CTRL siRNA, O3 siRNA–treated cells were significantly more
inhibited by 100 µM H2O2 (Fig. 5F), thus confirming our prediction.
We conclude that up-regulation of Orai3 expression is necessary to change
the redox sensitivity of CRAC-dependent Ca2+ influx in T cells.
To test whether effector TH cells develop additional protective mechanisms against oxidative stress that may explain the reduced sensitivity of
the initial H2O2-induced Ca2+ influx, we determined the concentration of
two major cellular antioxidants, glutathione and catalase. The concentrations of both reduced and total glutathione were increased in effector
compared to naïve TH cells (fig. S5, A and B). Moreover, the activity
of the H2O2 scavenger catalase was also significantly increased (fig. S4C).
Both these results point toward a protection of redox-sensitive proteins
containing cytosolic reactive cysteines, thereby reducing the initial effect
of H2O2 on [Ca2+]i.
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serine did not reduce current size or change the shape of the current-voltage
relationship and thus does not lead to a major alteration of the selectivity
filter (E106, E190) [(38, 39), see also (40)]. ORAI3 channels were not inhibited by H2O2, which was not only due to small current size because
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Fig. 5. ORAI3 reduces redox sensitivity of CRAC channels in effector TH
cells. (A and B) qRT-PCR analyses of Orai1 and Orai3 expression in
naïve and 72- to 96-hour effector TH cells. (B) Ratio of Orai1/Orai3 expression each normalized to RNA polymerase in naïve and effector TH
cells. (C) Percent inhibition (CD 1 mM H2O2/average unblocked CD) for
HEKS1 cells expressing Orai1, Orai3, or Orai1 together with Orai3 at a
ratio of 5:1. The total amount of DNA transfected was 1 mg for each condition. (D and E) qRT-PCR analyses of Orai1 and Orai3 expression in
naïve and 72- to 96-hour effector TH cells transfected with O3 siRNA
or CTRL siRNA. (E) Ratio of Orai1/Orai3 expression each normalized
to RNA polymerase in CTRL siRNA– or O3 siRNA–transfected effector
TH cells. (F) Percent inhibition (D[Ca2+]i 100 mM H2O2/average untreated
D[Ca2+]i) for effector TH cells transfected with CTRL siRNA or O3 siRNA.
For CTRL: n = 548 (−H2O2), 675 (+H2O2); for O3: n = 556 (−H2O2), 486
(+H2O2). *P < 0.05, ***P < 0.001, unpaired Student’s t test. DNA ladder
bands shown (A and D) are 200 and 100 bp.

introduction of a cysteine in the homologous position (G170C) retained
small currents that were now inhibited by H2O2. Current inhibition required preincubation with H2O2 and thus is not likely to act as an open
pore blocker (fig. S1). Instead, oxidation of cysteines may lock the pore
in the closed configuration, reduce single-channel conductance, the ability of ORAI1 to be effectively activated by STIM1, or the formation and/
or number of active ORAI1 channels.
We also found that primary TH cells from human blood donors were
affected by changes in the redox state of the environment in multiple
ways and that differentiation of naïve into effector TH cells changed
the threshold of these modifications. Addition of H2O2 led to an immediate increase in [Ca2+]i (initial effect) that was mediated through the
activation of nonselective cation channels, possibly TRPM. TH cell differentiation shifted the activating EC50 values from ~130 to ~740 µM.
Because TRPM2 channels are activated by cytosolic second messengers
such as cyclic adenosine diphosphate (ADP) ribose (41, 42) whose
turnover rates are regulated by the oxidative stress-activated poly(ADPribose) polymerase (PARP-1) (43), up-regulation of cytosolic antioxidants
(fig. S4) may provide a negative feedback mechanism for this pathway.
We cannot exclude a partial inhibition of Tg-induced increase in [Ca2+]i
due to preceding membrane depolarization. However, the patch-clamp
analyses of heterologously expressed ORAI1, Jurkat T cells, and effector
T cells demonstrated an inhibitory effect on the channels themselves.
There was also an up-regulation of Orai3 in effector TH cells, and coexpression of Orai1 and Orai3 reduced redox sensitivity when expressed in
HEKS1 cells (Fig. 5). Knockdown of Orai3 in human effector TH cells
rendered Ca2+ influx again more redox sensitive and provides further
support for direct redox regulation of the channels.
ORAI3 may work alone or in a heteromeric complex with ORAI1.
Heteromeric ORAI1-ORAI3 channel assembly with a distinct selectivity
profile has recently been described as a means not only to tune Ca2+ selectivity of store-operated Ca2+ entry (18), but also to generate channels
activated independently of store depletion by arachidonic acid (44).
The up-regulation of Orai3 and other cytosolic antioxidants suggests
that effector TH cells have developed adaptive mechanisms to both tune
Ca2+ influx and scavenge increased intracellular ROS to respond to oxidative stress. Increased concentrations of ROS within injured or inflamed
tissues can create gradients of ROS that, at low concentrations (nanomolar
to low micromolar), enhance proliferation and cytokine production of effector TH cells (45–47) and thus may act as chemotactic signals (26). This
enhancement could be due to an increase in [Ca2+]i (compare [Ca2+]i and
viability at 1 µM H2O2 against control for effector TH cells; red circles in
Figs. 3D and 4D). In regions of H2O2 concentrations between ~10 and
~300 µM, T cells will already undergo partial CRAC channel inhibition
that will not yet affect their viability and cytokine production (32, 48), but
may offset increases in [Ca2+]i due to activation of TRPM channels. By
up-regulation of ORAI3, effector TH cells would be able to tune their Ca2+
influx to continue proliferation and cytokine production in more oxidizing
conditions. The Orai3 gene is the most recent addition to the Orai family
and is present only in mammals (49), suggesting that ORAI3-dependent
redox tuning might not take place in lower vertebrates. Local ROS concentrations might reach even higher levels through increased phagocytic
activity, mitochondrial dysfunction, and massive activation of T cell receptor (TCR)–mediated signaling (19, 30). This could then ultimately activate TRPM channels (36, 37, 42), release Ca2+ from intracellular stores
(50), increase protein phosphorylation levels (30), and eventually lead to
apoptosis and tissue damage (36, 51, 52).
Further investigations are necessary to elucidate the complex balance
between physiological and pathological effects of oxidation and to test the
role of dysregulation of Orai channel expression in disease.
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MATERIALS AND METHODS

Chemicals
All chemicals were purchased from Sigma unless indicated otherwise.

Cell culture and isolation of primary CD4+ TH cells

Electrophysiology: T cells
Patch-clamp experiments were performed in the whole-cell configuration
with fire-polished patch pipettes (3 to 5 megohm). Pipette and cell capacitance were electronically compensated before each voltage ramp with an
EPC-9 patch-clamp amplifier controlled by Pulse 8.4 or Patchmaster
software (HEKA). Membrane currents were sampled at 3 kHz and filtered at 1 kHz. Whole-cell currents were elicited by 200-ms voltage
ramps from −100 to +100 mV from a holding potential of 0 mV. To measure leak currents, 20 voltage ramps were applied within the first 5 s after
establishment of the whole-cell configuration, followed by ramps applied
every second. All voltages were corrected for a liquid junction potential
of −12 mV. For leak current correction, the ramp current before CRAC
activation was subtracted. The solutions used for measurements of ICRAC
were as follows: pipette: 140 mM cesium aspartate, 10 mM NaCl, 5 mM
MgCl2, 10 mM EGTA, and 10 mM Hepes (pH 7.2 with CsOH); bath
solution: 155 mM NaCl, 4.5 mM KCl, 10 mM CaCl2, 2 mM MgCl2,
10 mM D-glucose, and 5 mM Hepes (pH 7.4 with NaOH). H2O2-induced
currents were measured as in (37).

HEK cells

Constructs and transfection

hOrai1 and hOrai3 constructs were subcloned into pCAGGS-IRES-GFP.
Mutagenesis was performed by means of Quickchange (Stratagene) with
an Orai1-SmaI fragment in pBluescript as a template. The mutated SmaI
fragment was excised and cloned into mEGFP-Orai1 pMAX vector (Lonza)
with a deleted Sma1 vector site. This construct served as a template to
reclone the full-length mutants into pCAGGS-IRES-GFP. For creating
triple mutants, mutant SmaI fragments were used as a template. All constructs were confirmed by sequencing. For transfection, 1 mg of DNA was
electroporated into HEKS1 cells with the Nucleofector II electroporator (Lonza) and Nucleofector kit (Lonza). Cells were transfected according to the manufacturer’s instructions and seeded 24 hours before
measurements.

Whole-cell currents were elicited by 50-ms ramps from −150 to +150 mV
at 0.5 Hz from a holding potential of 0 mV. For leak current correction,
the ramp current before ORAI activation was subtracted. Cells with an
initial inward current greater than −10 pA/pF (−130 mV) and significant
outliers (P < 0.01, Grubb’s test) were excluded. Voltages were corrected for a
liquid junction potential of −10 mV. The internal solution contained 120 mM
cesium glutamate, 20 mM cesium∙BAPTA [1,2-bis(2-aminophenoxy)ethaneN,N,N′,N′-tetraacetic acid], 3 mM MgCl2, 0.05 mM IP3, and 10 mM
Hepes (pH 7.2 with CsOH). The external solution contained 120 mM NaCl,
10 mM CaCl2, 2 mM MgCl2, 10 mM TEA-HCl (tetraethylammonium
chloride), 10 mM glucose, and 10 mM Hepes (pH 7.2 with NaOH). Inward
and outward currents were analyzed at −80 and +80 mV ramp potential for
both T cells and HEK cells.

Small interfering RNA transfection

DTNB-2Bio labeling assay

Orai3 small interfering RNAs (siRNAs) Hs_TMEM142C_2 [sense: 5′
r(OMeC-OMeA-CCAGUGGCUACCUCC)d(CUU)d(OMeA-OMeTOMeT) 3′; antisense: 3′ r(OMeG-OMeT-GGUCACCGAUGGAGGGAA)d(U)
5′ (#SI04174191)] and Hs_TMEM142C_5 [sense: 5′r (OMeT-OMeCCUUAGCCCUUGAAAU)d(ACA)d(OMeA-OMeT-OMeT) 3′; antisense:
3 ′ r ( O M e A - O M e G - G A AU C G G G A AC U U UAU G U ) d ( U ) 5 ′
(#SI04348876)] and CTRL siRNA (#1022076) from Qiagen were chemically modified by the addition of two deoxy or methoxy groups (to increase
stability) (53). CD4+ TH cells were stimulated with self-made beads coated
with antibodies against CD3 and CD28 (32). Cells (5 × 106) were nucleofected with 8.0 ml of siRNA or CTRL siRNA (20 mM) using Nucleofector
technology (Lonza) according to the manufacturer’s instructions. For
down-regulation of Orai3, a 1:1 mixture of both Orai3 siRNAs was used.

Fluorescence-based Ca2+ imaging
External solution (buffer A) contained 155 mM NaCl, 4.5 mM KCl, 2 mM
MgCl2, 10 mM D-glucose, 5 mM Hepes (pH 7.4 with NaOH), and CaCl2
at 0.5 mM (for HEKS1 cells) or 1 mM (for T cells). Cells were loaded
with 1 µM Fura 2-AM. Images were analyzed with TILLVision software.

The DTNB-2Bio labeling assay was performed as previously described
with modifications (57). HEK cells transfected with EGFP-hOrai1,
EGFP-hOrai1_C195S, EGFP-hOrai1_C126S/C143S/C195S, or EGFPOrai3 (~7 × 106) were washed with PBS. Membranes were permeabilized
with 0.001% digitonin for 5 min. Cells were collected and incubated in
Hepes-buffered saline (HBS) solution with or without 1 mM H2O2 for
15 min followed by 50 mM DTNB-2Bio for 40 min at RT. Cells were
washed with HBS and lysed in radioimmunoprecipitation assay (RIPA)
buffer (pH 8.0) containing 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM tris, 1 mM phenylmethylsulfonyl fluoride, aprotinin (5 mg/ml) and leupeptin (1 mg/ml). Cell lysates were
incubated with NeutrAvidin-Plus beads (Thermo-Scientific) overnight
at 4°C with constant shaking. Beads were rinsed five times with RIPA
buffer by centrifugation at 15,000 rpm for 1 min. Proteins were eluted
in RIPA buffer containing 50 mM dithiothreitol (DTT) for 60 min and
denatured in SDS sample buffer containing 50 mM DTT for 30 min at
room temperature. Proteins were analyzed by 7.5% SDS–polyacrylamide
gel electrophoresis (SDS-PAGE), transferred to membrane, and detected
with an antibody against GFP (Clontech).
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E6-1 Jurkat T cell line (American Type Culture Collection) and THP-1
monocyte cell line were grown in RPMI. HEKS1 cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal calf serum and penicillin-streptomycin at 37°C and 5% CO2.
Human TH cells were isolated from leukocyte reduction filters and
collected by back-flushing the filter with 60 ml of Hanks’ balanced salt
solution (HBSS; PAA, 15-009). Peripheral blood lymphocytes (PBLs)
were isolated by a density gradient centrifugation at 450g for 30 min
at room temperature (Ficoll-Paque PLUS, Amersham Biosciences,
17144002) in 50-ml Leucosep tubes (Greiner, 227290). The PBL layer
was washed in HBSS. Remaining red blood cells were removed by the
addition of 1 ml of lysis buffer [155 mM NH4Cl, 10 mM KHCO3, 0.1
mM EDTA (pH 7.3)] for 1 min. After lysis, cells were washed with
HBSS [200g, 10 min at room temperature (RT)]. For further purification, PBLs were resuspended in phosphate-buffered saline (PBS)
and 0.5% bovine serum albumin, and CD4+ T cells were negatively
isolated with the CD4+ Negative Isolation Kit (to avoid prestimulation) from Invitrogen (113.17D), following the manufacturer’s instruction (32).

[Ca2+]i was estimated from the relation [Ca2+]I = K*(R − Rmin)/(Rmax − R),
where the values of K*, Rmin, and Rmax were determined from an in situ
calibration of Fura 2 in TH and HEK293 cells as described in (54, 55). To
exclude nonspecific effects of H2O2 on Ca2+ measurements, we analyzed
the redox properties of Fura 2 (56).
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Cell viability and proliferation
Measurements were carried out in 96-well cell culture plates (BD).
Each data point was measured in triplicate. Naïve TH cells (50,000) were
seeded in a total volume of 200 ml of AIM V medium. For effector TH
cell measurements, these were then activated with antibody (against CD3
and CD28)–coated beads (Invitrogen) and incubated at 37°C, 5% CO2,
and 95% humidity. Living cells were detected with the CellTiter-Blue assay (Promega) (32).

Measurements of IL-2 secretion
After proliferation was measured, 96-well plates were centrifuged (150g,
7 min, RT) and supernatants were collected and frozen for later use. Different dilutions of the supernatants and of an IL-2 standard were then
analyzed in duplicates with an ELISA assay (DuoSet; DY202, R&D
Systems) according to the manufacturer’s instructions. Supernatants from
four (naïve) and three (effector) TH cell donors were analyzed.

qRT-PCR

Determination of glutathione and catalase activity
One million naïve or effector TH cells (per sample) were lysed by consecutive freezing and thawing, centrifuged for 10 min at 14,000 rpm,
resuspended in PBS buffer, and kept on ice. Total glutathione was determined with the fluorescent dye monochlorobimane (MCB, 100 mM).
The reaction was catalyzed by glutathione S-transferase (GST; 1 U/ml).
All measurements were performed with a microplate reader (GeniosPro,
Tecan). Reduced glutathione was measured with the fluorescent dye
o-phthalaldehyde (OPA, 5 mg/ml). Cell lysates were deproteinized with
6 M perchloric acid for 5 min and centrifuged for 5 min at 14,000 rpm.
pH was restored (7–11) with 3 M NaOH. Supernatants were used for
further measurements. Catalase activity was determined with a spectrophotometer (Ultrospec 2100) using absorption of H2O2 at 240 nm according to Beers and Sizer (58). One million cells were lysed in 120 ml
of PBS buffer containing 0.1% Triton X-100. Lysates were centrifuged
for 10 min at 14,000 rpm and supernatants were measured with quartz
cuvettes (1QS). The supernatant (100 ml) was mixed with 2.9 ml of PBS
buffer containing 10 mM H2O2. Absorbance at 240 nm (A240) was

Data analysis and statistics
Data were analyzed with TILL Vision (TILL Photonics), Fitmaster 2.35
(HEKA), Igor Pro (Wavemetrics), and Microsoft Excel (Microsoft).
Data are means ± SEM unless otherwise indicated. Asterisks indicate
significance: *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired, two-sided
Student’s t test). Primary human TH cells were isolated from at least two
different healthy donors. For each condition, at least three experiments
were performed. For calculation of IC50 values, data were fitted with
Hill’s equations (least-squares method).
SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/3/115/ra24/DC1
Fig. S1. Activated CRAC channels are not inhibited by H2O2.
Fig. S2. H2O2 effect on ORAI2 and current/voltage relationships of ORAI1WT, ORAI1TM,
ORAI1C195S and ORAI3WT.
Fig. S3. H2O2 activates nonselective ion channels.
Fig. S4. Orai3 siRNA down-regulates ORAI3 protein.
Fig. S5. Relative amounts and activity of cellular antioxidants in naïve and effector TH cells.
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Figure S1: Activated CRAC channels are not inhibited by H2O2
[Ca2+]i measurements in (A) HEKS1O1 cells, n=72, (B) Jurkat T cells, n=244, and (C) effector Th cells, n=102.
500 ìM of H2O2 (arrow) was added following CRAC channel activation by 1 ìM Tg. (D) ICRAC in Jurkat T cells
was induced by store depletion with 10 mM EGTA and analyzed at -80 mV (representative experiment is
shown). 500 ìM H2O2 was added at ~ 3 min (arrow). Current-voltage relationship (E) and average CD ± SD
(F) at 300 s of untreated cells (black, n=5) or of cells treated for ~120 seconds with 500 ìM H2O2 (red, n=6)
following ICRAC development.
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Figure S2: H2O2 effect on ORAI2 and current/voltage relationships of ORAI1WT,
ORAI1TM, ORAI1C195S and ORAI3WT
[Ca2+]i in HEKS1O2 cells before and after addition of Tg, and without H2O2 (black trace,
n=82) red: 1 mM H2O2, (n=47). (B)Tg-induced Ä[Ca2+]i between 1200 – 2000 seconds
without (black) and after treatment with 1 mM H2O2 (C) Alignment of the distal
transmembrane region 3 between ORAI1 and ORAI3. Arrow indicates a negatively
charged residue in the vicinity of the reactive C195 (D-G) Average current voltage
relationships for ORAI1WT, ORAI1TM, ORAI1C195S and ORAI3WT untreated (black)
and treated with 1 mM H2O2 (red).
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Figure S3: H2O2 activates nonselective ion channels.
(A, B) [Ca2+]i in naïve (A) and effector Th cells (B). H2O2 was added as indicated. n ³
340 (A) and ³
239 (B) for
2+
2+
2+
all conditions. (C) Dose dependence of [Ca ]i on [H2O2] ([Ca ]i @ 1190 sec - [Ca ]i @ 190 sec) ± SEM. Naïve
Th cells (grey), effector Th cells (black). (D) The effect of 100 ìM 2-APB, 100 ìM FFA and 10 mM DTT on
H2O2 (500 ìM) induced increase in [Ca2+]i. Slope calculations (nM against time) were used to determine the
rate of increase in [Ca2+]i induced by H2O2. Data are mean ± SD (n=3). (E) H2O2-induced current
measurements in Jurkat T cells. Currents were analyzed at -80 mV and at +80 mV ramp potential and
plotted against time: red (1 mM H2O2), black (1 mM H2O2+ 100 ìM FFA). (F) Current-voltage relationship of
cells treated with 1 mM H2O2 (red, n=5) and cells treated with 1 mM H2O2 and 100 ìM FFA (black, n=4). (G)
Average CD ± SD after 800 s. (H) Dependence of [Ca2+]i on [H2O2] ([Ca2+]i @ 2000 s - [Ca2+]i @ 1200 s) ± SEM
in Jurkat T cells.
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Figure S4. Orai3 siRNA downregulates ORAI3 protein.
HEKS1 cells were transiently transfected with 1 µg ORAI3GFP and either 1.6 µM CTRL siRNA or with 1.6 µM O3
siRNA. Cells were lysed after 48 h. Detection using anti-GFP
or anti-STIM1 antibodies.
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Figure S5: Relative amounts and activity of cellular antioxidants in naïve and
effector Th cells.
Reduced (A) and total (B) glutathione concentration in naïve (light blue, n=5) and effector
(black, n=5) Th cells. Data are mean ± SD. (C) Catalase activity in naïve (light blue, n=7)
and effector (black, n=6) Th cells. Data are mean ± SD.
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